Expression of claudin-2, a tight junction protein, is highly upregulated during inflammatory bowel disease (IBD) and, due to its association with epithelial permeability, has been postulated to promote inflammation. Notably, claudin-2 has also been implicated in the regulation of intestinal epithelial proliferation. However, precise role of claudin-2 in regulating colonic homeostasis remains unclear. Here, we demonstrate, using Villin-Claudin-2 transgenic mice, that increased colonic claudin-2 expression augments mucosal permeability as well as colon and crypt length. Most notably, despite leaky colon, Cl-2TG mice were significantly protected against experimental colitis. Importantly, claudin-2 expression increased colonocyte proliferation and provided protection against colitis-induced colonocyte death in a PI-3Kinase/ Bcl-2-dependent manner. However, Cl-2TG mice also demonstrated marked suppression of colitis-induced increases in immune activation and associated signaling, suggesting immune tolerance. Accordingly, colons from naive Cl-2TG mice harbored significantly increased numbers of regulatory (CD4 þ Foxp3 þ ) T cells than WT littermates. Furthermore, macrophages isolated from Cl-2TG mouse colon exhibited immune anergy. Importantly, these immunosuppressive changes were associated with increased synthesis of the immunoregulatory cytokine TGF-b by colonic epithelial cells in Cl-2TG mice compared with WT littermates. Taken together, our findings reveal a critical albeit complex role of claudin-2 in intestinal homeostasis by regulating epithelial permeability, inflammation and proliferation and suggest novel therapeutic opportunities.
INTRODUCTION
Inflammatory bowel diseases (IBD), including ulcerative colitis and Crohn's disease, are chronic inflammatory conditions of the gastrointestinal tract caused by dysregulated immune responses. Earlier studies have indicated that the intestinal epithelium of IBD patients exhibits increased permeability compared with normal subjects. 1 Increased mucosal permeability has also been reported in mouse models of experimental colitis. 2 These findings have led to the hypothesis that the intact epithelium represents a barrier against the development of gastrointestinal inflammation and that impaired barrier function is a potential cause of mucosal inflammation. However, the normal epithelium permits limited exposure of mucosal immune elements to antigens in the commensal microflora. One potential explanation for this apparent subversion of epithelial barrier function may be the need of the mucosal immune system to develop tolerance toward antigens of the commensal microflora, because in its absence mucosal inflammation is likely to occur. However, a dearth of experimental models where the intestinal epithelial barrier is targeted directly without affecting other cellular functions has impeded progress in this research area.
Members of the claudin family of proteins are the principal constituents of the tight junctions, which regulate paracellular permeability in an intact epithelium. 3 Consequently, recent studies have examined potential alterations in the status of claudin family members in IBD patients and demonstrated a robust increase in claudin-2 expression in IBD. [4] [5] [6] [7] Claudin-2 is unique among claudin family members as its normal expression is restricted to leaky epithelia in vivo. 8, 9 In cultured epithelial cells, claudin-2 expression correlates inversely with the transepithelial resistance (TER) and serves as a paracellular transport channel for Na þ and Ca þ þ ions. 8, 10, 11 In addition, claudin-2 is a target for Wnt/b-catenin signaling and, compared with other claudins, is uniquely expressed by undifferentiated and proliferative colonocytes at the crypt base. 12, 13 We have further demonstrated that activation of EGFR, a key regulator of colonocyte proliferation, induces colonic claudin-2 expression. 13 Taken together, these findings have suggested an important role of claudin-2 in regulating colonic physiology and pathology.
In the present study, we demonstrate, based upon extensive analysis using mouse models of colitis, cultured colonic epithelial cells subjected to colitis-inducing agents and novel transgenic mice with targeted intestinal epithelial claudin-2 overexpression that claudin-2 expression protects against experimentally induced colitis. This protection is mediated by resistance to dextran sodium sulfate (DSS)-dependent epithelial injury and immune tolerance in the face of increased colonic epithelial permeability. Taken together, our findings suggest a critical role of claudin-2 in regulating colonic epithelial homeostasis, immune activation, and inflammation.
RESULTS

Villin-Claudin-2 transgenic (Cl-2TG) mice exhibit increased colon length and permeability
To understand the clinical significance of claudin-2 expression during intestinal inflammation, we generated Cl-2TG mice using the villin promoter (Supplementary Figure S1A online) to achieve intestine-specific overexpression. Immunoblot analysis using colon lysates and immunohistochemistry confirmed a robust increase in claudin-2 expression in the colonic epithelial cells of Cl-2TG mice vs. WT littermates, similar to IBD ( Figure 1a and b and Supplementary Figure  S1B ). Claudin-2 overexpression was also observed in the small intestine and to a minor extent in the kidney, organs known to express Villin protein (Supplementary Figure S1C and D). Colonic expression of other TJ-proteins, claudin-3, occludin, and ZO-1, remained largely unaffected in Cl-2TG mice ( Figure 1a ). Notably, further analyses revealed unexpected increases in the colon and crypt lengths of Cl-2TG vs. WT mice (Po0.01; Figure 1ci ,ii). A similar increase in intestine length was also noted (Po0.05; Supplementary Figure S1E ). To understand the physiological basis for this phenotype, we investigated potential changes in colonocyte proliferation and/ or apoptosis. Colonic epithelial cells were isolated from BrdUinjected Cl-2TG and WT mice, stained with anti-cytokeratin, -BrdU, and -caspase-3 (cleaved/activated) antibodies and subjected to flow cytometry analysis. Results demonstrated a significant increase in BrdU-positive colonocytes in Cl-2TG vs. WT mice (Po0.05; Figure 1d ), although numbers of caspase-3-positive cells were not significantly different (data not shown). These findings supported a role of claudin-2 in the regulation of colonocyte proliferation.
We further determined the effect of claudin-2 overexpression on transmucosal resistance and paracellular Na þ passes. Results using the Ussing chamber showed a significant decrease in transmucosal resistance (Po0.05; Figure 1e ) and an increase in paracellular Na þ permeability (Po0.05; Supplementary Figure  S1F ) in transgenic vs. WT mice. Further analysis using the Ussing chamber or intrarectal delivery of FITC-dextran into the colon demonstrated that the colonic epithelium of Cl-2TG mice was also permeable to non-charged molecules (Figure 1fi ,ii and Supplementary Figure S1G ). Nevertheless, the TJ-ultrastructure remained largely unaltered in Cl-2TG mice (Supplementary Figure S1H ). Taken together, our data suggested that claudin-2 overexpression promotes mucosal permeability.
Cl-2TG mice are protected from acute and chronic colitis Despite increased mucosal permeability, Cl-2TG mice did not have signs of mucosal inflammation. To examine whether Cl-2TG mice are more susceptible to colitis, Cl-2TG and WT mice were subjected to chemically induced colitis by providing drinking water containing DSS. As expected, DSS-treated WT mice demonstrated significant body weight loss (Po0.01; Figure 2a ). However, the DSS-induced weight loss was inhibited in Cl-2TG mice. The cumulative clinical disease index further supported protection of Cl-2TG mice against DSS colitis ( Figure 2b) . Consistent with these findings, colon length in DSS-treated WT mice was significantly decreased (Po0.001) compared with control mice (Figure 2ci -iii), whereas this parameter was not significantly different between DSS-treated and control Cl-2TG mice. Independent evaluation by a gastrointestinal pathologist confirmed a significantly lower injury score (Po0.001) in DSS-treated Cl-2TG vs. WT mice ( Figure 2d ). Importantly, depth of inflammation, crypt damage, and % involved by crypt damage were all significantly different between DSS-treated WT and Cl-2TG mice (Supplementary Figure S2 ). Histological analysis further demonstrated marked preservation of the crypt architecture and decreased inflammation in DSS-treated Cl-2TG mice, as compared with WT mice where crypt architecture was largely disrupted and the severe loss of epithelia was accompanied by massive inflammation (Figure 2e) . A marked decrease in myeloperoxidase activity in DSS-treated Cl-2TG mice further suggested decreased neutrophil infiltration in the colon (Figure 2f ). Because our animals were generated on a B6D2F1/J background, and because colitis is influenced by the genetic background of the animals employed, we performed similar experiments with claudin-2 transgenic animals that were backcrossed more than 10 times with C57BL/6 mice, which demonstrated similar differences as those observed for the mixed background animals (Supplementary Figure S3A -E). Taken together, these data showed that Cl-2TG mice were, contrary to expectation, protected against experimentally induced colitis.
Considering that IBD is a chronic inflammatory condition, we further examined whether Cl-2TG mice are also resistant to chronic colitis. For this purpose, we subjected Cl-2TG and WT mice to three cycles of DSS administration (5 days/cycle) followed by regular drinking water (16 days/cycle). As shown in Figure 3 , we found significant decreases in the body weight of DSS-treated WT mice but not Cl-2TG mice (Figure 3a) . This protection was also revealed by the colon length, cumulative injury score, and histopathology (Figure 3b-d) and was evident at both the levels of mucosal inflammation and crypt injury (Supplementary Figure S4 ).
Cl-2TG mice demonstrate upregulation of proliferation-associated genes and downregulation of inflammation-associated genes
To investigate mechanisms by which claudin-2 overexpression influences colonic epithelial integrity and inflammation, we performed a global comparative transcriptome analysis to determine differentially expressed genes in DSS-treated WT and Cl-2TG mice. The DSS-treated WT mice were compared with control WT mice, and the DSS-challenged Cl-2TG mice were compared with DSS-treated WT mice. Analysis was stringent, and only genes that were changed significantly (Po0.05, upregulated or downregulated) in two group comparisons were considered. A total of 195 upregulated and 293 downregulated genes constituted the differentially expressed genes when comparing DSS-treated vs. control WT mice. Pathway analysis revealed that genes associated with proliferation and colon stem cells, including Ki67, LGR5, Sox9, and Foxa2, and key regulators of cell cycle and mitosis such as Aurkb, Kif-11, Nek2, and CDC25b were downregulated in Figure  S5A ). In contrast, these genes were significantly upregulated in DSS-treated Cl-2TG mice compared with DSS-treated WT mice (Supplementary Figure S5A) . The top genes upregulated in DSS-treated vs. control WT mice included known key regulators of mucosal inflammation such as IL-1, TNF-a, Ptgs2, Cxcl2, CCL3, MMP-10, MMP-13, S100a8, and S100a9 (Supplementary Figure S5B) . Importantly, expression of these inflammation-associated genes was sharply downregulated in DSS-treated Cl-2TG vs. WT mice. Taken together, these data suggested a role for epithelial integrity and suppressed immune activation in the protection of Cl-2TG mice from colitis.
DSS-treated vs. control WT mice (Supplementary
Increased proliferation and decreased apoptosis in DSS-treated Cl-2TG mice
On the basis of the above gene expression data, we examined potential differences in proliferation and/or apoptosis between DSS-treated Cl-2TG and WT mice. Mice were injected with BrdU before killing, and the BrdU-positive cells were examined by immunohistochemistry and fluorescence-activated cell sorting (FACS) analysis. We found a significant increase in BrdU-positive epithelial cells in DSS-treated CL-2TG vs. WT mice (Po0.01, Figure 4ai and ii). Also, DSS colitis caused a marked decrease in cyclin-D1 expression in DSS-treated vs. control WT mice (Po0.05), which was largely prevented in CL-2TG mice (Figure 4aiii ). In contrast, caspase-3-positive cells and expression of cleaved caspase-3 were more abundant in DSS-treated WT vs. Cl-2TG mice (Po0.01, Figure 4bi -iii).
In Caco-2 cells, claudin-2 overexpression protects against DSS-dependent cell death
Because of the preserved epithelial integrity and increased epithelial cell proliferation in DSS-challenged CL-2TG mice, we investigated a causal association of claudin-2 with epithelial restitution and protection from cell death during colitis. Polarized Caco-2 cells were exposed to increasing concentrations of DSS, and effects on cell viability and claudin-2 expression were determined. MTT assays demonstrated a decrease in cell viability of DSS-treated cells (Figure 5a) . Notably, claudin-2 expression also decreased in a dosedependent manner in DSS-treated cells, whereas E-cadherin To further determine whether claudin-2 expression can protect CECs from DSS-dependent cell death, we stably overexpressed CMV promoter-driven claudin-2 with (Caco-2 Cl-2HA ) or without (Caco-2 Cl-2 ) a C-terminal HA-tag in Caco-2 cells and subjected the resultant cell lines to DSS treatment. As shown in Figure 5ci , endogenous claudin-2 expression sharply decreased, whereas exogenously expressed claudin-2 remained largely unaffected. Claudin-4 expression was also unaltered by claudin-2 overexpression or DSS treatment. MTT assays showed that claudin-2-overexpressing cells resisted the DSS-dependent decrease in cell viability (Po0.001; Figure 5cii ). Notably, Caco-2 Cl-2HA cells also demonstrated marked upregulation of Phospho-Akt and the cell survival protein Bcl-2 (vs. control cells; Figure 5di ). The colonic epithelial cells from Cl-2TG mice similarly demonstrated increased Bcl-2 expression ( Figure 5dii ). DSS stimulation led to a further increase in Bcl-2 expression in Caco-2 Cl-2HA cells, but LY-294002, a PI-3 kinase inhibitor, prevented this increase ( Figure 5diii) . Notably, LY-294002 treatment also inhibited the protection of Caco-2 Cl-2HA cells from DSS-dependent death (Figure 5div ). Taken together, our data supported a causal role of claudin-2 expression in protection against cell death of CECs treated with colitis-inducing agents.
Inflammation-associated gene expression and signaling is suppressed in DSS-treated Cl-2TG mice
Disruption of the normal balance between pro-and antiinflammatory immune responses is associated with mucosal inflammation. Notably, real-time RT-PCR analysis of colon mRNA expression showed increased expression of inflammatory proteins TNF-a, IFN-g, and KC in DSS-treated WT mice but not in Cl-2TG mice compared with their respective controls (Figure 6ai-iii), thus supporting our microarray analysis (Supplementary Figure S5B) . We further performed an extensive comparative analysis of colon tissue protein expression of inflammatory cytokines and chemokines. Results showed increased expression of the pro-inflammatory cytokines IL-6 along with TNF-a, IL-1a, IL-12(p40), and G-CSF, the Th1-related cytokine IFN-g, IL-15, the Th17associated cytokine IL-17, and the chemokines KC/CXCL1, IP-10/CXCL10, MCP-1/CCL2 and MIP-2 (Po0.001) in total colon lysates from DSS-treated vs. control WT mice and DSStreated Cl-2TG mice (Figure 6bi-xiii) .
Importantly, IL-6 and TNF-a help induce NF-kB signaling, the key regulator of mucosal inflammation. 14, 15 Therefore, we investigated whether suppressed NF-kB signaling underlies the resistance to colitis in Cl-2TG mice. Immunoblot analysis of RelA/p65 phosphorylation in colon lysates from mice subjected to DSS colitis revealed undetectable levels of phospho(p)-p65 in control WT and Cl-2TG mice, and a robust increase in p-p65 expression in DSS-treated WT but not Cl-2TG mice (Po0.001, Figure 7ai ). Immunohistochemistry analysis further demonstrated intense nuclear p65 expression, predominantly in immune cells, in DSS-treated WT vs. Cl-2TG mice (Figure 7aii ). IL-6 also regulates STAT3 signaling, which helps regulate mucosal inflammation and epithelial homeostasis. 16, 17 Importantly, robust STAT3 expression was detected in samples obtained from all control and experimental groups. In contrast, we found minimal p-STAT3 expression in control samples, increased levels in DSS-treated WT mice (Po0.01, Figure 7bi ), and suppressed levels in DSS-treated Cl-2TG mice. Immunohistochemistry using an anti-p-STAT3 antibody showed nuclear localization in epithelial cells and infiltrating immune cells ( Figure 7bii ). Taken together, our data suggested that immune activation in response to DSStreatment was suppressed in Cl-2TG mice.
Colonic macrophages in Cl-2TG mice demonstrate inflammatory anergy
Our additional analysis further showed marked decreases in infiltrating F4/80 þ cells in the colon of DSS-treated Cl-2TG vs. WT mice. Expression of iNOS by F4/80 þ cells supported their proinflammatory M1-phenotype (Figure 8a) . Importantly, resistance to colitis and immune tolerance/adaptation in mice harboring a leakier colon similar to Cl-2TG mice has been reported. 18 Therefore, we asked whether this is also the case in Cl-2TG mice. Considering the primary role of macrophages in innate immune responses, we therefore analyzed whether immune responses of colonic macrophages in Cl-2TG mice are compromised. As claudin-2 overexpression in Cl-2TG mice was restricted to the gut epithelium, immune function of peritoneal macrophages was not expected to be affected, and therefore peritoneal macrophages isolated from the same animals were used as positive control (Supplementary Figure  S6) . The colonic and peritoneal macrophages from naive WT and Cl-2TG mice were then stimulated with lipopolysaccharide (LPS, 1 mg ml À 1 ) and IFN-g (100 IU ml À 1 ). As shown in Figure 8bi -ii, IL-6 and TNF-a mRNA expressions were upregulated significantly in activated peritoneal macrophages isolated from WT and Cl-2TG mice. Interestingly, however, expression of these mRNAs was upregulated only in the colonic macrophages from WT but not Cl-2TG mice. ELISA analysis demonstrated similar upregulation of inflammatory cytokines, including IL-6, IL-1b, and KC, only in WT colonic macrophages ( Figure 8biii) . Thus, our data suggested inflammatory anergy among macrophages residing in the colonic submucosa of Cl-2TG mice.
The T reg -cell population and TGF-b synthesis are upregulated in Cl-2TG mice On the basis of our data that macrophages residing in the colonic mucosa of Cl-2TG mice exhibit immune anergy, and because CL-2TG mice have increased mucosal permeability, we investigated the possibility that resistance to colitis induction in Cl-2TG mice was mediated in part by bacterial translocation and induction of adaptive immune tolerance.
Indeed, PCR analysis, using genomic DNA from the colon of naive WT and Cl-2TG mice and primers based on highly conserved bacterial sequences, demonstrated a significant increase in bacteria in the colonic mucosa of Cl-2TG mice compared with WT mice (Po0.05; Figure 9a ). Of note, it has been previously shown that regulatory CD4 þ Foxp3 þ T cells are upregulated in mice harboring leaky gut, and that these cells help promote immune tolerance. 18, 19 To examine similar responses in Cl-2TG mice, we immune-phenotyped leukocytes isolated from the lamina propria of Cl-2TG and WT mice. Notably, no major differences were observed in CD4 þ cells between naive Cl-2TG and WT mice (5.47% vs. 5.68%, respectively; data not shown). In contrast, CD4 þ Foxp3 þ cells were significantly increased in Cl-2TG vs. WT mice (Po0.03; Figure 9bi ). Interestingly, however, the CD11b þ CD11c À cell population was sharply decreased in the colon of Cl-2TG mice (Po0.001; Figure 9bii ). Previous studies have shown that the immunoregulatory cytokine TGF-b protects from DSS colitis and induces immune tolerance by inhibiting IL-6/NF-kB signaling. [20] [21] [22] Therefore, we determined whether increased TGF-b production underlies the observed immune suppression in Cl-2TG mice. Immunoblot analysis demonstrated an upward trend in TGF-b expression in control Cl-2TG vs. WT mice. Furthermore, DSS treatment led to a significant decrease in TGF-b levels in DSS-treated WT mice but not Cl-2TG mice, as compared with their respective controls ( Figure 9ci) . As immunoblot analysis represents total tissue expression, we further examined whether TGF-b synthesis differs between specific cell types in naive mice. For this purpose, we isolated E-cadherin þ , F480 þ , and CD4 þ cells from naive Cl-2TG and WT mice. Real-time RT-PCR using mRNA from these cell populations demonstrated a specific and significant increase in TGF-b expression in colonic epithelial cells of Cl-2TG vs. WT mice (Figure 9cii) . Taken together, our data suggested that claudin-2-expression upregulates TGF-b synthesis in colonic epithelial cells, which, in turn, may help regulate immune tolerance and protection of Cl-2TG mice from experimental colitis.
DISCUSSION
Claudin-2 is one of the highly regulated claudin family members, as its expression is regulated by immune regulators, such as IL-2, TNF-a, IL-13, IL-15, and IL-17, and regulators of growth factor signaling, including EGF-, HGF-, ERK1/2-and PI-3-signaling, thus highlighting its biological importance. 4, 13, [23] [24] [25] In the present studies, we have demonstrated a critical role of claudin-2 in regulating colonic epithelial homeostasis, immune responses, and mucosal inflammation. Our finding that claudin-2 overexpression leads to a significant decrease in transepithelial resistance while increasing the paracellular Na þ permeability of the colonic epithelium supports a key role of claudin-2 in regulating colonic epithelial barrier function and is supported by data from claudin-2deficient mice. 26, 27 Claudin-2 expression led to increased colonocyte proliferation and increased colon and crypt lengths, suggesting an additional role for claudin-2 beside static cell-cell adhesion. Decreased apoptosis and increased proliferation in DSSchallenged Cl-2TG vs. WT mice further supported a role of claudin-2 in the regulation of colonic epithelial cell homeostasis and its contribution to protection against DSS-colitis. These changes were accompanied by corresponding changes in the expression of genes regulating proliferation and cell cycle progression and genes encoding intestinal stem cell markers. As noted previously, among claudins, claudin-2 expression is uniquely restricted to the proliferative zone at the crypt base. 13, 28, 29 As already mentioned, others and we have previously reported a role of Wnt/b-catenin, EGFR-ERK1/2, and PI-3 kinase signaling in the regulation of colonic claudin-2 expression. 12, 13, 30 Notably, similar to claudin-2 overexpression, EGF or TGF-a administration to mice protects from DSS colitis. 31, 32 Further, proliferative changes in intestinal epithelial cells in response to manipulation of cell adhesion proteins, cingulin and symplekin, were associated with changes in claudin-2 expression. 33, 34 In addition, intestinal claudin-2 expression is required for efficient paracellular Na þ -transport and intestinal nutrient absorption, as shown in mice lacking claudin-2 and claudin-15. 35 Consistent with this conclusion, EGF-dependent potentiation of colonic Na þ -transport, despite decreased sodium channel expression, protects against DSS colitis. 36 Furthermore, IL-13 and IL-17, cytokines associated with adaptive immunity, upregulate claudin-2 expression in colonic epithelial cells. 4, 25 Thus, epithelial restitution might be a critical component of the protection of Cl-2TG mice from mucosal inflammation. Our data that claudin-2-overexpressing Caco-2 cells are protected from DSSdependent decreases in cell viability in a PI-3Kinase-Bcl2dependent manner strongly support this possibility. Of note, a protective role of PI-3 kinase and/or Bcl-2 in colitis has been previously reported. 37 Our data from Caco-2 cells also excludes the possibility that the observed epithelial integrity in DSStreated Cl-2TG mice may simply be due to decreased exposure to DSS.
Our data also suggest a role of immune tolerance in the protection of Cl-2TG mice from experimental colitis. Notably, as the sole physical separation between the gut microbiota and the immune system, the mucosal epithelium is under constant challenge to balance the need of the immune system to mount efficient immune responses against pathogens while maintaining tolerance toward commensal microorganisms. Mucosal epithelial permeability associates with and is thought to augment mucosal inflammation. However, recent studies have demonstrated that sustained increases in mucosal permeability preceding an inflammatory insult, either using pharmacological means or genetic manipulation, instead protects from colitis. 18, 38 Our findings that Cl-2TG mice are protected from colitis despite increased mucosal permeability is consistent with the above reports. Furthermore, a recent report that claudin-2 knockout (KO) mice suffer from severe colitis when subjected to DSS colitis strengthens our findings. 39 Yet another commonality among mice demonstrating increased mucosal permeability is the immune tolerance/adaptation. 18, 19 Importantly, our immune-phenotyping analyses confirmed significant suppression of DSS-induced proinflammatory molecules in DSS-treated Cl-2TG vs. WT mice. The significant increases in regulatory CD4 þ Foxp3 þ cells in the colonic mucosa of unchallenged Cl-2TG mice and decreases in immune cell infiltration in the colons of DSS-challenged Cl-2TG mice further suggest that immune adaptation potentially helps protect Cl-2TG mice from DSS colitis. Of note, significant decreases in IL-6 expression, NF-kB activation, and STAT3 signaling in Cl-2TG mice support potential desensitization of Figure 8 Colonic macrophages in Cl-2TG mice exhibit inflammatory anergy. (a) Representative images demonstrating macrophage (F4/80) infiltration in the colonic mucosa in control and DSS-treated WT and Cl-2TG mice. F4/80 þ cells were co-immunostained with an anti-iNOS antibody. (bi,ii) Colonic or peritoneal macrophages were isolated from naive WT and Cl-2TG mice and were subjected to immune activation using LPS and IFNg for 24 h. mRNA expression of TNF-a and IL-6 was determined using qRT-PCR. (biii) Supernatant from in vitro activated macrophages isolated from Cl-2TG and WT-mice was subjected to ELISA analysis using an antigen-specific antibody. Values are presented as mean ± s.e.m. **Po0.01, ***Po0.001. Bars ¼ 50 mm.
IL-6/NF-kB/STAT3 signaling in these animals. Consistent with this possibility, TGF-b expression was increased in the colon of naive Cl-2TG mice, whereas macrophages isolated from the lamina propria of these mice exhibited inflammatory anergy. Importantly, TGF-b induces macrophage immune anergy as well as regulatory T-cell differentiation. 19, 20, 40 Thus, our findings suggest a complex and context-dependent effect of claudin-2 expression on mucosal homeostasis. We postulate that the constitutively increased epithelial permeability in Cl-2TG mice facilitates the interaction of mucosal immune elements and luminal antigens to promote tolerance/adaptation. Our data showing increased bacterial translocation in Cl-2TG mice supports this notion. Notably, a recent study has suggested that claudin-2 assists in the uptake of mucosal antigens. 41 Furthermore, we cannot rule out the possibility that modulation of intraepithelial lymphocytes contributes to colitis protection in CL-2TG mice. Of note, Occludin, a tight junction protein, helps regulate the migration of gd intraepithelial lymphocytes, which protect from DSS colitis. 42 Further studies will be needed to determine the cellular and molecular details underlying claudin-2-dependent regulation of immune anergy.
In summary, we here report a critical role of claudin-2 in the regulation of colonic epithelial homeostasis and barrier function, which in turn regulates mucosal immune activation and inflammation. The key finding of our study is that claudin-2 helps regulate colonocyte proliferation/integrity and increases colonic epithelial permeability to potentially induce immune tolerance/adaptation rather than increased sensitization, as has been generally assumed. This paradoxical finding gains support from similar results obtained by other groups where increased mucosal permeability leads to immune tolerance and protection from colitis. 18, 38 The contrasting disease outcome in claudin-2 KO mice subjected to DSS colitis further supports our findings. These findings emphasize a dynamic rather than static role of the epithelial barrier in regulating antigen-immune cell communication and mucosal inflammation. Taken together, we here report a novel and important role of claudin-2 in the regulation of colonic epithelial and immune homeostasis. We predict our findings to affect current understanding of the role of epithelial permeability in general and of claudin-2, in particular, in the regulation of intestinal homeostasis and immune regulation and to open potential therapeutic opportunities.
MATERIALS AND METHODS
Cell culture, transfection, and reagents. The procurement and culture conditions for Caco-2 and HT-29 cells have been previously described. 13 All cell culture reagents were from Invitrogen (San Francisco, CA). A pcDNA-4 expression plasmid (Invitrogen) containing claudin-2 coding sequences with or without C-terminal HA-tag was used for overexpression. Caco-2 cells overexpressing untagged or HA-tagged claudin-2 cDNA were selected using Zeocin (100 mg ml À 1 ). All antibodies and chemicals used in this study are described in Supplementary Table 1 .
Generation of Villin-Claudin-2 transgenic (Cl-2TG) mice. A mammalian expression construct with the Villin-promoter (a gift from Dr Sylvie Robine, Centre National de la Recherche Scientifique, France) was used to insert the human claudin-2 coding sequence downstream of the Villin-promoter. Extensive sequencing confirmed the correct sequence and orientation of the transgene. Transgenic mice were generated at the Vanderbilt Mouse Genomic Core facility using the B6D2F1/J-strain of mice. Integration of the transgene into the host chromosome was confirmed by PCR amplification. Transgenic animals were backcrossed with C57BL/6 WT mice for at least 10 generations to generate the Cl-2TG mice on the C57BL/6 strain background.
Ethics Statement. Throughout the study, recommendations in the Guideline for the Care and Use of Laboratory Animals of the National Institutes of Health were followed. The animal use protocol was approved by the Institutional Animal Care and Use Committee (IACUC) of Vanderbilt University (Protocol # M/09/244).
Transepithelial Resistance and paracellular Na þ permeability.
Distal colon mucosal sheets were collected and mounted in the dual channel Ussing Chamber system (Physiologic Instrument, San Diego, CA) using the manufacturer's guidelines. The NaCl dilution potential was measured as described previously. 27 For analysis of transepithelial conductance, each chamber was filled with 5.0 ml of buffer solution (150 mM NaCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM mannitol, 10 mM glucose, and 10 mM Tris-HEPES, pH 7.4). Throughout the experimental procedure, chamber temperature was maintained at 37 1C, and 100% O 2 was bubbled through the solution. The transmucosal potential was measured using 3 M KCl agar bridges connected to the electrodes, using a voltage-clamping device. To estimate the NaCl dilution potential, the apical solution was replaced with one containing 75 mM NaCl instead of 150 mM NaCl (osmolarity was maintained with mannitol). The paracellular Na þ permeability was calculated using the Kimizuka-Koketsu equation.
Colon permeability measurements. To determine the potential changes in colonic permeability, FITC-dextran (4 kDa) was used, as described. 43 Presence of the dye in the blood was assessed in samples collected before (0 h) and 30 min after FITC-dextran administration. Colons were removed and processed to visualize the FITC-dextran in the colonic epithelium using a Carl-Zeiss fluorescent microscope.
Determination of FITC-dextran permeability by using the Ussing chamber. To complement the in vivo permeability assay, we determined FITC-dextran permeability using the Ussing chamber system. FITC-dextran (4-kDa) was added to the mucosal side to achieve a final concentration of 0.02 mM, and the presence of dye in the serosal compartment was determined using samples collected at different time points. Fluorescence in collected samples was determined using a microplate fluorescence reader (Synergy-2; Bio-tek, Winooski, VT; excitation wavelength of 485 nm and emission wavelength of 528 nm).
Induction of mouse colitis and collection of colonic tissue. Male mice (8-10 weeks old) were provided regular drinking water (control) or 4% (w/v) DSS (MW ¼ 36-50 kDa, MP Biomedicals, Solon, OH, USA), as described with minor modifications. 44 For chronic colitis, mice (8-10 weeks old) were provided DSS (2.5% w/v) in the drinking water for 5 days followed by regular drinking water for 16 days. Mice underwent three consecutive treatment cycles before killing. 44 The DSS/water consumption was monitored, and mice were weighed daily and visually inspected for diarrhea and/or rectal bleeding. Animals were killed by CO 2 narcosis on study termination. Colons were removed and assessed for weight, length, and histology. The disease activity index was evaluated by combining scores of (i) weight loss, (ii) stool consistency, and (iii) bleeding (divided by 3). Each score was evaluated as follows: change in weight (0: o1%, 1: 1-5%, 2: 5-10%, 4: 415%); stool blood (0: negative, 2: positive or 4: gross bleeding); and stool consistency (0: normal, 2: loose stools, 4: diarrhea), as previously described. 45 Body weight loss was calculated as percent difference between the original body weight and the actual body weight on a given day. Histological slides were evaluated independently by a University GI-pathologist (M.K.W.) in a blinded manner. The cumulative injury score was calculated according to Supplementary Table 2 .
FACS analysis to determine BrdU or cleaved caspase-3-positive colonic epithelial cells. BrdU (5-bromo-2 0 -deoxyuridine) was injected intraperitoneally (12.0 mg g À 1 of body weight) 2 h before killing the mice. Colonic epithelial cells were isolated as described above and were fixed with 0.1% paraformaldehyde. These cells were then incubated with an anti-pan cytokeratin antibody conjugated with phycoerythrin (PE; dilution 1:50), anti-active caspase-3 antibody conjugated with fluorescein isothiocyanate (FITC; dilution 1:50) and anti-BrdU antibodies conjugated with allophycocyanin (APC; dilution 1:100) for 30 min at 4 1C. Cells were acquired using an LSR II flow cytometer (BD Biosciences), and pan cytokeratin-positive cells were analyzed for levels of active caspase-3 and BrdU by Flowjo (TreeStar, Ashland, OR).
Luminex multiple cytokine assay. After mice were killed, colons were removed and snap-frozen or processed to prepare total protein lysates. These lysates were then used to determine multiple cytokines using the MILLIPLEX MAP Mouse Cytokine/Chemokine Magnetic Bead Panel (Millipore, Billerica, MA) according to the manufacturer's instructions using a Luminex FLEXMAP 3D instrument.
Macrophage isolation and activation. Colonic and peritoneal macrophages were isolated using the biotin-labeled anti-mouse F4/80 antibody (Invitrogen, Carlsbad, CA) and streptavidin magnetic beads (Invitrogen), as described. 46 For activation, the F4/80 þ cells were incubated with lipopolysaccharide (LPS, 1 mg ml À 1 ) and IFN-g (100 IU ml À 1 ) in complete RPMI 1640 medium.
Genomic DNA extraction and determination of bacterial translocation. Genomic DNA from colon tissue was extracted by tissue lysis buffer (50 mM Tris-HCl-pH 8.0; 100 mM EDTA; 100 mM NaCl; 1% SDS; 0.4 mg ml À 1 proteinase K), and bacterial translocation in CL-2TG mice was evaluated with real-time PCR. Universal primers, specific for the conserved regions of the bacterial 16S2 rDNA gene, were used (forward, 5 0 -TCCTACGGGAGGCAGCAGT-3 0 ; reverse, 5 0 -GGACTACCAGGGTATCTAATCCTGTT-3 0 ). For the quantification of 16 S rDNA in colonic tissues, a pair of primers specific to the mouse Selp gene (forward, 5 0 -ATGATTAGCAAATTCTAGCTCC TGTTT-3 0 ; reverse, 5 0 -TAGGTCTCTTAGGATCTCCCTTCAAT-3 0 ) was used in a separate reaction as the endogenous control to normalize the DNA loading between samples. 47 MTT assay. The CellTiter assay (MTT assay; Promega, Madison, WI) was conducted as described previously. 13 In brief, 20,000 cells were plated in 96-well plates. Twenty-four hours post-plating, cells were exposed to DSS in regular culture medium for the desired duration. The CellTiter reagent was added 3 h before collecting samples at 24 h post-DSS treatment.
RNA isolation and qRT-PCR analysis. RNA was extracted from tissue samples using the RNeasy Mini kit (Qiagen, Valencia, CA). Reverse transcription was performed using iScript cDNA synthesis kit (Bio-Rad). The real-time PCR reactions were performed with 20 ng of cDNA per reaction and 2 Â iQTM SYBR Green Supermix (Bio-Rad, Hercules, CA). Primer sequences are described in Supplementary  Table 3 .
Immunoblot analysis. This was performed as previously described. 13 Signals were detected using an enhanced chemiluminescence detection kit (Amersham Biosciences, Piscataway, NJ). Equal protein loading was assessed by re-probing with an anti-b actin antibody (Sigma-Aldrich, St Louis, MO) after stripping the respective membrane.
Immunostaining. Immunofluorescent and/or immunohistochemical staining were performed as described previously. 13 Imaging was performed at the Vanderbilt University Medical Center Cell Imaging Core.
Statistical analysis. Statistical analysis was performed using Student's t-test to determine significance in two group comparisons. One-way ANOVA with Tukey's Multiple Comparison Test was employed where analysis involved more than two groups. Results were plotted using GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA). A P value o0.05 was defined as statistically significant. All data presented are representative of at least three repeat experiments and are presented as mean ± s.e.m. SUPPLEMENTARY MATERIAL is linked to the online version of the paper at http://www.nature.com/mi
